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Description

The present invention relates to integrated circuits of signal processing and in particular to current comparators.

Current comparator circuits are ubiquitous components of many analog systems including data converters and
similar front-end signal processing applications. The smallest size of devices, high speed and low consumption consti-
tute the basic requisites of any new project of this type.

The articles:

- "Novel approach to high speed CMOS current comparators”, by H. Traff, Electronics Letters, January 30, 1992, Vol.
28, No. 3;

- "Fast CMOS muiltilevel current comparator”, by H. Gustat, Electronics Letters, April 1, 1993, Vol. 29, No. 7; and

- "High performance CMOS current comparator”, by A.T.K. Tang and C. Toumazou, Electronics Letters, January 6,
1994, Vol. 30, No. 1,

describe as many current comparators circuits employing a CMOS technology.

The comparison between two currents is made by forcing the currents to be compared through the two branches
of a differential (unbalance) stage circuit so as to be able to discriminate the highest (or lowest) input current by moni-
toring the respective voltage levels of two nodes, respectively of one and the other branch of the unbalance circuit. Usu-
ally, while one of the nodes swings to voltage close to the supply voltage, the other node drops down to a potential close
to the common ground potential of the circuit. A dedicated buffer stage or several stages in cascode provide a logic sig-
nal that is representative of the result of the comparison between the two input currents, forced through the respective
branches of the comparator circuit.

Forcing the currents to be compared through the respective branches of the comparator circuit implies an absorp-
tion of these currents from a supply rail and therefore an attendant consumption which will be more or less high depend-
ing on the level of the input currents to be compared.

In many instances, the absorption and therefore the consumption depends substantially from the level of the high-
est current being compared which may indeed be a preestablished reference current with which to compare a certain
current signal.

It has now been found and constitutes the object of the present invention, a method and a respective circuit
arrangement capable of markedly limiting the absorption of current by a current comparator circuit. The invention con-
sists in limiting the absorption of current through the branch of the comparator circuit along which is forced the highest
current to the value of the lowest current which is in turn forced through the other branch of the comparator circuit. This
condition is obtained without interfering in any way on other characteristics of switching speed and sensitivity of the
comparator circuit.

This twofold function of the circuit: that is of comparing and at the same time limiting the current absorption, is
implemented with an extremely simple circuit that requires an exceptionally reduced number of components, basically
only three transistors, thus offering advantages also in terms of the overall economy of integration.

Fundamentally the invention consists in discriminating the level of two currents while limiting the current in the
branch of the unbalanced circuit through which is being forced the highest of the two currents to the value of the other
(lowest) current which flows in the other branch of the unbalanced circuit. In practice, the circuit of the invention is able
to accomplish the required comparison through operating at a current level that is limited to the value of the lowest cur-
rent, without requiring the use of any switch or other digitally controlled device.

The output or sensing node of the branch through which is forced the "lowest" current assumes a relatively "low"
potential, whereas the other output or sensing node, that is the "output” node of the branch through which is forced the
"highest” current assumes a relatively "high” potential. In other words, the logic configuration provided by the compara-
tor circuit is coherent with the relative level of the compared currents.

An important aspect of the circuit of this invention is the fact that it is composed of a particularly reduced number
of components, if compared to the number of components required for realizing known current comparator circuits with
similar performances.

The circuit of the invention can be designed in CMOS technology by either employing exclusively p-channel devices
or by employing cascoded n-channel or p-channel devices, or in a complementary form employing devices of both types
of conductivity.

Essentially, the circuit of the invention uses a source-follower stage that can, for example, be constituted of by a sin-
gle MOS transistor, whose state or electrical behavior is determined by the logic configuration assumed by the two com-
plementary output nodes of the respective branches of the current comparator circuit. Such a stage or device is capable
of assuming an operating state that effectively limits the current in the branch of the circuit through which the highest
current is being forced to a value equivalent to the value of the lowest current that is being forced through the other
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branch of the comparator circuit.

In the case of a stage realized with a single MOS transistor, it is advantageously exploited the capacity of such
device of assuming different operating states (in a so-called linear zone or in a saturation zone) in function of the differ-
ence of potential of the two (complementary) output nodes of the comparator circuit. This mechanism eventually pro-
duces a configuration of a current mirror circuit that mirrors the lowest current on the branch through which the highest
current is being forced, while ensuring a stable switching of the comparator circuit.

The various aspects, relative advantages and operating features of the circuit of this invention will be even more
easily understood through the following description of some important embodiments and by referring to the enclosed
figures, wherein:

Figure 1 is a basic scheme of a current comparator circuit realized according to the present invention;
Figure 2 shows an alternative embodiment of the comparator circuit of the present invention;
Figure 3 shows the functioning diagrams of the basic circuit of the invention;

Figure 4 shows an equivalent electric scheme for small signals of the pair of transistors M4 and M1 of the basic
circuit of this invention;

Figure 5 shows diagrams of the response characteristic for different current levels obtained by simulation;
Figure 6 shows the trailing fronts for different current levels obtained by simulation;

Figure 7 shows the switchings rise-time;

Figure 8 shows the effect of the capacitance C3;

Figure 9 depicts a circuit of the invention realized with p-channel devices;

Figure 10 is a circuit of the invention realized with cascoded p-channel devices;

Figure 11 shows an embodiment of the circuit of the invention according to a complementary architecture.

Fig. 1 shows a basic circuit of a current comparator circuit realized according to the present invention using exclu-
sively n-channel devices.

The primary function of the circuit is that of discriminating which of the two currents 11 and 12 is the highest. The
two currents 11 and 12 are, respectively, forced through the two branches of the circuit where one branch comprises the
transistor M1 and the other branch comprises the transistor M2. The two complementary output nodes, designated
"out” and 2, respectively, alternatively assume a "high" voltage level and a "low"” voltage level in function of the result of
a comparison between the two currents 11 and 12.

A fundamental aspect of the circuit of this invention is the use of a stage that is substantially of the "source-follower”
type, which in the example shown in Fig. 5, is constituted by the third transistor M4 and by the respective bias current
generator Ibias.

In practice, depending on the result of the comparison between the two currents I1 and 12 and of the consequent
eventual circuit switching, one or the other of the two transistors M1 and M2 is configured as a diode by the state
assumed by the transistor M4. In this way a current mirror is realized in practice, which actually "copies” the lowest of
the two currents on the branch through which the highest current is being forced.

In the case of the circuit shown in Fig. 1, this behavior is obtained by exploiting the output characteristics of the
MOS transistor M4, in a linear zone and in a saturation zone, respectively.

DC ANALYSIS

It is well known that the output current of an MOS device follows the following physical laws:
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w
l=k T (Vgs-Vin) 2 (saturation) eq. (1)

It ( 2 (Vgs~Vie) Vs - Ve (inear)  eq (2)
where

RC o

k=2

By fixing the drain current value, it is possible to verify how the respective voltages Vgs and Vds behave. In a linear
zone of the operating characteristics, these voltages have a mutual influence on each other whereas in a saturation
zone of the operating characteristics, the current is controlled by the voltage Vgs and only secondarily by the voltage
Vds. Equation 1 highlights that for a certain drain current, the voltage Vgs must become very high when the voltage Vds
approaches zero, while according to equation 2, the voltage Vds may assume whichever value for a fixed value of the
Vgs voltage.

By referring to the basic scheme of Fig. 1, the circuit is capable of exploiting these correlations for attaining in prac-
tice only two stable conditions, as shown by way of an example by the following relationships:

ajll>I2 V(out) = 5V V(2) = 0V
b)1 <I2 V(out) = 0OV V(2) = 5V
¢) I1 = 12 unstable.

During a phase a) the transistor M2 is practically diode-configured, thus causing the mirroring of the current 12 on
the transistor M1 (in fact, during this phase the transistor M4 behaves as source-follower). During a phase b) it is the
transistor M1 that is diode-configured by the transistor M4 and therefore it causes the mirroring of the current 11 on the
transistor M2.

In order to enable a complete scan of the working characteristics of the basic circuit of the invention, a test circuit
whose electric scheme is depicted in Fig. 2 has been formulated.

A complete evolution of the output DC characteristic of MOS transistors is shown in Fig. 3. By starting a test run of
the circuit of Fig. 2 from a condition whereby 11«12, the transistor M2 is originally configured as a diode and the voltage
(Vout) on the node "out” evolves through the points 1, 2 and 3 indicated on the characteristics up to a point where the
increasing of the current 11 brings the system to the operating point indicated by the letter a.

By assuming that the two MOS transistors M1 and M2 are of the same size, the operating point a will be reached
when the current I1 equals the current 12 (I1=I2). In this condition, the voltage Vgs of the transistors M1 and M2 cannot
increase further.

As a consequence, the output voltage (Vout) must shift along the output characteristic of the transistor M1 in the
order to verify the condition Vgs ;;=Vgs ,ax . without any increment of the drain current, thus passing through point 4
for reaching the new point of stability indicated by the letter b.

If the current 11 continues to increase, the output voltage Vout on the node "out” will also increase evolving along
the linear region of the output characteristics of the MOS transistor M7, accompanied by a further increase of the Vgs
voltage.

The potential of the complementary node 2 of the circuit evolves in an exactly opposite way, only the end voltages
reached by the nodes "out” and 2 are slightly different. More exactly, the final voltage on node 2 will be given by the Vgs
voltage of the transistor M2 plus the Vgsy» voltage.

AC ANALYSIS

It is possible to evaluate the transfer function, that is the relationship between the input current 11 and the output
voltage on the node 2, of the circuit of Fig. 2, through an analysis for small signals, bearing in mind that this simplifica-
tion does not exactly reflect the real operating conditions of the circuit. The analysis anyway capable of identifying the
necessary elements for trimming the circuit toward the required speed and resolution characteristics.

Firstly, it is important to establish the impedance Z1 of the output node "out". The equivalent circuit for small signals
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of the transistor pair M4 and M1, is shown in Fig. 4, wherein Z represents the complex impedance between the common
gate of transistors M1 and M2 and ground.

Once a given input current i through the drain d of the transistor M4 is fixed, by calculating the derivative of the rela-
tion between said current i and the drain voltage V4, the impedance Z1 of the output node "out” may be calculated,
according to the equations 3 and 4 below, where the resistance rqq4 represents the drain-source resistance of the tran-
sistor M4 and therefore the feedback resistance of the transistor M1 which is a function of the voltage V2 of node 2.

. Vv, VuZ
i= Vgs1gm1 +"r'£41' but: Vgs1 =;‘;j4+—z‘ eq (3)

_NVuZ o Va_ V“(am+;)_v (zu + rds1 gmy) +ra54)
Ids1(ds4 + 2)

Vog [ fds1(fgsq+2
Z1=—%= 4
! (z(7+’ds19m1)+’ds4)eQ()

A simpler model for the impedance Z may be obtained by closely observing the diagram of Fig. 2. The capacitance
C3 can be considered representative of the impedance Z, consequently

1

Z=m.

By substituting this expression into equation 4, we obtain the following explicit solution for Z1:

1
fdst (rds4 +;c—3)

1
53 (1 + ds1 Im1) + Tds4

Z1 = eq (5)

Obviously, a more significant mathematical relation is the link between the input current 11 and the voltage V, of the
circuit node 2. Indeed, this relation links the value of the resistance ryg4 with 11 through the voltage V5. By referring to
the circuit schemes of Fig. 2 and Fig. 4, the following relations may be derived.
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1
V4 V4 sC3
Vo=Vg19m222 - but Vg1=V1m=I1Z1m=I1Z1
lds4 *'sC3
ras 1o + 5053) .
ds1\'ds4 ™ sC3 sC3

5C3 (1 + fas19m1) +Tdse |Tdsa + 503

_Tds1
=11 ((7*’dsfgm1)+503’ds4) Sm2 22

lds1 Imz2 22
1
1, 5C3rds4 | T+7as1 Im1 eq ()
T+Tds1 Imi

Observing the diagram of Fig. 2, a more significant expression for Z2 can be written as in the following equation 7:

chZ 'dsﬁ
e TPt s
2= 1+C I, I, 90(77
* Isd2 + Igse

Substituting equation 7 into equation 6, we obtain the following expression for V2/I1:

Idso Idsh
L2 f — Istotlash
nL dsd Im2 eq (8)

I = sC3rds4 T + ’ds1 gm1 I, 7,
1+7+fds19m1 1+$Cp2'sd2+’d36

where Cp represents the parasitic capacitance of the node 2 of the circuits depicted in Figures 1 and 2.
Equation 8 shows the existence of two poles, the dominant pole has a time constant given by:

Fgeo I
ds2 dsé
1=, OS2 106
Fsd2 * Tase

A second pole is determined by the parasitic capacitance C3, with a time constant given by:

C3r yes

2=
147 4619 m1

It is important to consider that both these time constants are strongly dependent on the bias conditions of the cir-
cuit, because the drain-source impedance of MOS transistors varies drastically during the circuit switching transients.
For instance, when 11<I2, the transistor M4 exhibits a very low rye4 by virtue of its high Vgs. Conversely, the resist-
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ance ryge is low because the transistor M6 is functioning in a linear region.

During a transition 11=12, the drain-source resistance of all the MOS transistors involved is high and the speed of
the circuit is controlled by the time constant 12 because it becomes more and more independent of the Vgs of the tran-
sistor M4. The time constant 12 assumes a constant value when the voltage V1 reaches the saturation value V4,4, as
shown in Fig. 3 by the intersection point a.

Another significant verification is the evolution of the output node "out™.

The equation that ties 11 with V1 is equation 5, this equation is rewritten below as equation 9.

1
Tds1 (rd“ + SCQ) Tds1 (1 +SC3’dsi)
vi=n I (1 +ras1 9m1) | (4, —SC3risq
'@'(1+’ds1gm1)+’ds4 1+1+rds1gm1
1 { (1+5C3rqeq)
11 eq (9
| (1 i) 96
1+ rds1 9m1

This expression contains a pole and a zero. The zero's frequency is rather low whereas the frequency of the pole
is by two to three decades higher. The drain-source resistance of the transistor M4 maintains an important role. It con-
trols the transfer function and is dependent on the voltage Vgsy4. In other words, it is strongly nonlinear.

SIMULATIONS

The following simulations refer to the test circuit scheme of Fig. 2. The following table shows the parameters used
for this evaluation:
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Netlist: (summary)

ibi 0 ib .5u

im8ir0 1u

im3 ic O pulse(Ou 40u 1u 10u 0.4u 2u 60u)

vdd 3005

xcici 30 ir ic out ib cic params: cpt=0.01p
.param ¢3=0.4p

.step im8 1u 2.6u .5u

*dev. drain gate source bulk model and size

m1 out 3 0 0 nmodlow w=16u I=5u
m2 2 3 0 0 nmodlow w=40u |=3u
m4 out 2 3 0 nmodiow w=3u =3u
mS 3 ibias 0 0 nmodlow w=6u I=3u
mé 2 iref vdd vdd pmod w=10u =3u

m8 iref iref vdd vdd pmod w=10u I=3u
m7 out icomp vdd vdd pmod w=6u I=4u
mS icomp icomp vdd vdd pmod w=6u |=4u

mbias ibias ibias 0 0 nmodiow w=6u =3u
passive devices
c3 3 0 {c3}
cp2 2 0 {cpl}
.ends

Effects of the bias current "ibi" on the circuit precision and speed.

Scope of a first simulation is that of testing equation 9 and particularly the effect of the parameter rqg4 on the speed
and precision characteristics.

Fig. 5 shows the transient diagrams for different values of the bias current "ibi". The rise-time remains within the
interval of 30 to 40 nanoseconds (n). Of course, the maximum speed of 30n is obtained with the highest value of "ibi".

The circuit has an intrinsic slew-rate determined by the capacitance of the output node "out” which does not appear
in equation 9 and depends from the input ramp.

The separation between the different curves is of about 100ns, in agreement with the theoretical value of 125us.
This value is obtained by employing a ramp generator having a gradient of 4A/s and the current value of "ibi".

Fig. 6 depicts the diagrams of the trailing front transient analysis. The delays in this case are more pronounced
because the current is lower than during the leading front transient. It is however important to note that no problem of
switching-back is manifested. Such a problem is practically inexistent because even if the current I1 became zero, the
output voltage can assume only the same null value.

Maximum speed

Of course, there exists a limit for the response speed of the circuit, at which the circuit becomes incapable of dis-
criminating the currents. With the aim of determining such a limit, a simulation was carried out according to the following
parameters and conditions:
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biob .Su

m8iro tu

im9 ic 0 pulse(Ou 40u 1u Sn 1u 2u 80u)

vdd 005

xcict 0 r ic out b cic params: cpi=0.01p
param C3=0_4p

step param ¢3 0.1p 2.2p .5p

"dev. drain gae SOUrce bulk model and size

mi out 3 (] 0 nmodiow we 16U =Sy
m2 2 3 0 0 nmodiow wedOu =3u
md out 2 3 [+ nmodiow walks b=y
m5 3 biss o o AMmodiow wady k=3u
mé 2 Iret cell cell pmod wai10y lulu
m8 ret et oall call pmod wa10u =3y
m7 out lcomp vdd vad pmod wmBl) imdis
mo kcomp lcomp wod vod pmod wadl iy
mbias bias bias 0 0 NMOiow waSy et
passive device and supply

c3 3 0 {c3}

cp2 2 0 {cp}

veell ceil o 2v

The impulse rise-time was reduced to 5ns with drain voltages of the transistor M6 and M8 reduced to 2V in order
to simulate the worst case.

The result of this simulation is shown in the diagram of Fig. 7 wherefrom it can be observed that the maximum tran-
sient speed for a current variation Alyg=40pA is 16ns.

Effects of the parasitic capacitance C3

As demonstrated by the AC analysis, the parasitic capacitance C2 has an important role in determining the
response characteristics of the circuit. This capacitance does not have a major effect during switching, because the
value of the drain source rqg4 resistance is so high that the output node "out” is completely isolated from the capacitance
C3. The evolution of the voltage Vout of the "out” node is controlled by the slew-rate characteristics and not by the time
constant. For this reason, the effect on the capacitance C3 should manifest itself during the first part of the transient,
before the turning point of the switching.

This is confirmed by the simulation results shown in Fig. 8. The effect of the capacitance C3 can be considered as
a delay factor in switching, because the voltage on the node 3 cannot any longer follow the ramp speed for ever increas-
ing values of the capacitance C3. A further simple and intuitive interpretation can be made by considering the overall
current balance on the output node "out".

The simulations demonstrate that the characteristics of the leading transient tend to get closer to each other for rel-
atively high values of C3; the limit being given by missing the transition for C3 tending to infinity.

Capacitance CP2

The capacitive load on the node 2 slows-down the functioning of the circuit.

A lower "ibi", current has the effect of impelling the transistors M4, M1 and M2 toward an OFF-state. Indeed, the
coupling capacitance between the drain and the gate of M1 injects current into the node 3 and switches off the transistor
M4, thus precluding the mirroring of the current of M2 on M1. The following equations define the OFF-state condition
for the transistor M4:

av, dVour ..
CdS2W + Cds1 at > ibi MA4= off
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dv dv
CdsZth +Cds1 d‘;‘” < ibi Md4=on

Due to the fact that the switching of the complementary nodes "out” and 2, in the absence of a capacitance CP2,
have similar time constants, the two drain-gate capacitances of the transistors M2 and M1 share the charge injected
into node 3 thus preventing the switching off of the transistor M4.

In conclusion, the load capacitance of the node 2 (CP2) slows down the evolution of the voltage on the node 2,
according to equation 8, and, in the limit, the above mentioned compensation becomes insufficient leading to the con-
sequent switching off of the transistor M4. In this case, the circuit requires a period of time relatively long for regaining
its functionality.

Of course, the higher is the bias current ibi, the lower is the likelihood that such an effect has to take place, ensuring
a conduction state of all the circuit transistors. An alternative way of compensating such a current injection could be that
of adding a capacitance of an appropriate value between the nodes 2 and 3 of the circuit.

Of course, the circuit of the invention can be realized in different ways. Fig. 9 shows an embodiment of the circuit
with p-channel MOS transistors rather than with n-channel transistors as in the example analyzed.

Fig. 10 shows an alternative embodiment of the circuit of the invention with cascoded p-channel transistors. Of
course, a similar complementary scheme would employ cascoded n-channel transistors.

Finally Fig. 11 shows a configuration of the circuit of the invention according to a complementary architecture, using
both p-channel and n-channel transistors.

Claims

1. Current comparator circuit capable of producing a logic configuration of two complementary nodes, respectively of
a first and of a second branch of the circuit, in function of the comparison between a first current forced through
said first branch and a second current forced through said second branch of the circuit, characterized in that it com-
prises

means responsive to the logic configuration of said complementary nodes and assuming a state capable of
limiting the current in the branch through which is forced the highest current to the value of the current forced
through the other branch of the circuit.

2. The current comparator circuit as defined in claim 1, characterized in that said means consist of at least a transistor
having a control terminal coupled to one of said nodes and current terminals coupled to the other of said nodes and
to a common control node, respectively, of a pair of transistors of said first and of said second branch, respectively,
of the circuit and a bias current generator connected between a common supply node of the circuit and said com-
mon control node.

3. The current comparator circuit according to claim 2, characterized in that said means comprise a pair of transistors
cross-coupled to the two circuit branches.

4. The current comparator circuit according to any of the claims 1 and 2, characterized in that it is realized with p-
channel MOS transistors.

5. The current comparator circuit according to any of the claims 1 and 2, characterized in that it is realized with n-
channel MOS transistors.

6. The current comparator circuit according to any of the claims 1 and 2, characterized in that it is realized with cas-
coded p-channel MOS transistors.

7. The current comparator circuit according to any of the claims 1 and 2, characterized in that it is realized with cas-
coded n-channel MOS transistors.

8. A method for limiting the absorption of current of a current comparator circuit capable of producing a logic configu-
ration of two complementary nodes of a first branch and of a second branch, respectively, of the circuit in function
of the comparison between a first current forced through said first branch and a second current forced through said
second branch, characterized in that it comprises

discriminating the lowest between said two currents;

10
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mirroring said discriminated lowest current on the circuit branch into which the highest current is being forced.

11
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